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Abstract 

A composite model of fermions is proposed to explain the "anomaly" in 
Z — > 66 and, to a lesser extent, in Z ^ cc. It contains a nonsequential fourth 
family whose mass of one member (the charge -1/3 quark) is constrained to 
be between 47 GeV and 49 GeV. The charge +2/3 quark is constrained to 
lie between 67 GeV and 107 GeV. This opens up the exciting prospect for 
near-future discoveries at LEP2 and possibly at the Tevatron. 
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I. INTRODUCTION 



Precision tests of the Standard Model (SM) have reached a level where it "might" now 
be possible to look for indirect evidence of new physics and/or new degrees of freedom. One 
example is the apparent discrepancy between theory and experiment in the value of the ratio 
Rfy = r{Z —>■ hh)/T{Z —>■ had) [T]]. This discrepancy which increases with rrit, reaches the 3 
a level when rrit reaches 175 GeV. In addition the ratio Rc = T{Z cc)/T{Z — > had) is 2 a 
smaller than the SM prediction. In addition there seems to be some discrepancy between the 
measurements of the left-right asymmetry A^^ done at SLD and at LEP. If one also includes 
the apparent disagreement between the QCD coupling as determined at "low" energy and 
evolved to Mz with that determined by the Z-lineshape, one is tempted to think that one 
might be already seeing some new kind of physics. It is therefore very crucial to confirm or 
disprove these so-called discrepancies. Let us nevertheless assume that they are not mere 
statistics and examine what kind of new physics that can be possible and what predictions 
that can be tested in the near future. Even if the discrepancy were to disappear, this would 
put a severe constraint on this type of new physics. 

In this manuscript, a mechanism is proposed to explain the apparent increase of Rb and, 
as a consequence, the decrease in R^. , and to make further predictions on other branching 
ratios, and ultimately to constrain the new physics involved in the mechanism itself. It is 
based on the assumption that there is a new, heavy, nonsequential dov^n quark [Q = —1/3) ( 
part of a new family) with mass greater than 47 GeV and whose qq bound state(s) (by QCD) 
mixes with the Z boson. By nonsequential, we mean that the fermions of the new family 
has very little mass mixing with fermions of the other three generations. (The description of 
a concrete model is given below.) Consequently, the following predictions are made for the 
hadronic widths. We make the following predictions. There is a decrease in Rc = T{Z ^ 
cc)/T{Z had) and Ru = T{Z uu)/T{Z had) , and an increase in Rd = T{Z — >■ 
dd)/T{Z had), Rg = T{Z ss)/r{Z had) and Rb = T{Z bb)/r{Z had), all in 
comparison with the SM predictions. All of these changes are predicted in terms of a single 
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increase in r{Z bb). If the new, heavy vector meson couples universally (with a different 
strength in principle) to the ordinary leptons then r{Z —>■ vv) and T{Z l^l^) are also 
predicted to decrease and increase respectively. Our predictions are in basic agreement with 
all Z-pole observables except for one: the left-right asymmetry Alh- There our prediction 
is in agreement with the SLD data. This is perhaps also an indication of new physics such 
as the type discussed in this paper. In this regard, it is important to stress the fact that one 
has to take into account, in any discussion of new physics affecting Rb, other electroweak 
observables as well, such as Alr, Tz, Chad, etc., and not just Rb and Rc. 

Some comments will be made regarding the possible mass ranges of the new fermions as 
well as the range of compositeness scales of the model to be described below. 

II. A MODEL 

In this section we shall describe a model which motivates the subsequent phenomeno- 
logical discussion. We shall expose mainly the salient features of the model needed for 
this discussion, leaving out some details for a subsequent paper which will focus on the 
construction of the model and its implications concerning mass matrices. 

The model we are concerned with in this paper is a confining model in the manner of 
Abbott-Farhi 0, where the usual quarks and leptons are viewed as composites of more 
fundamental fermions and scalars. In contrast with the Abbott-Farhi model where the 
confining gauge group is the electroweak group, here it is a family gauge group which is 
confining. Also, in contrast with the composite models constructed long ago by various 
authors, here W and Z are fundamental gauge fields while there exists composite (global) 
family vector bosons with masses as high as the compositeness scale itself. To summarize, 
the Abbott-Farhi model contains composite weak vector bosons while the model presented 
here contains composite horizontal or family vector bosons. The reason for considering this 
kind of model is a desire to understand the family structure of the standard model and its 
mass matrices. 



3 



The model is a Left-Right symmetric extension of the Standard Model with a confining 
Left-Right horizontal gauge group. The gauge structure is {SU{3) (8) SU{2)l ® SU{2)r ® 
U{1)b-l} ® SU{2)hl ® SU{2)hri with SU{2>) being the usual color gauge group. 

Let us recall that in Abbott-Farhi-type models, the scalar sector has an additional global 
SU{2) and it was this SU{2) that acted as an effective weak interaction group. Let us also 
recall that there the preonic fermions and scalars transform as singlets and doublets under 
that global symmetry respectively. (As a result, quarks and leptons which are fermion-scalar 
bound states and W and Z which are scalar-scalar bound states transform as doublets and 
triplets under the global SU (2) symmetry respectively.) What are the differences between 
the present model and the Abbott-Farhi one? 

Here the additional global symmetries will be SU{2)gl ® SU{2)gr in analogy with the 
Abbott-Farhi model, with the difference being that these global symmetries are now attached 
to horizontal left and right symmetries. The minimal preonic particle content is given 
by: = (3,2,1,2,1,2,1,1/3); = (3,1,2,1,2,1,2,1/3); = (1,2,1,2,1,2,1,-1); 
^iR = (1,1,2,1,2,1,2,-1); ct>L = (1,1,1,2,1,2,1,0); 0« = (1,1,1,1,2,1,2,0), where ^ 
and (f) denote fermions and scalars respectively. The transformations are with respect to 
SU{?>) ® SU{2)l ® SU{2)r (8) SU{2)hl ® SU{2)hr ® SU{2)gl ® SU{2)gr ® U{1)b-l- Notice 
that in our minimal model the scalar fields are singlets with respect to the electroweak group. 

Let us assume that SU{2)hl 'S' SU{2)hr is confining. The physical quarks and leptons, 
which are now composite objects, transform as: ql — {^qL(t>L) — (3, 2, 1, 1, 1, 1 -|- 3, 1, 1/3); 
qR = {'^,R<t>R) = (3,1,2,1,1,1,1 + 3,1/3); h = (^/l0l) = (1,2,1,1,1,1 + 3,1,-1); Ir = 
{'^ir4'r) — (1) 1) 2, 1, 1, 1, 1 + 3, —1). Notice that under the global horizontal (family) group 
SU {2)gl®SU {2)gr, the left and right-handed quarks and leptons transform as a triplet plus 
a singlet, i.e. there are four families in this model, with the fourth one (singlet) being separate 
from the other three in the lowest order. This is the statement made in the introduction. 

A remark is in order here. If the preonic quarks and leptons were to transform as singlets 
under the global horizontal group, there would only be two families of composite quarks and 
leptons. To incorporate the third family, one would have to add another set of preons with 
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the result that one now has two sets of disjointed double famihes. This does not appear to 
be the case in reality and, in any case, one also ends up with four families. The previous 
scenario of three connected families and one disjointed family (in the lowest order) seems to 
be more desirable. 

We would like to make one more remark. Another possible scenario not considered here 
is to keep SU{2)hl ® SU{2)hr unconfined and to endow the preonic fermions and scalars 
with some extra confining gauge symmetry and that they transform as fundamentals under 
that extra gauge symmetry. Again, the (fermion- scalar) composites would decompose into 
triplets and singlets of the (now gauged) horizontal symmetry. 

The moral of the story is that as long as the (gauge or global) horizontal symmetry is 
SU{2) and that the preonic fields are doublets, one would get three connected famihes (the 
standard three families) and one disconnected one (in the lowest order) at the composite 
level. Let us denote this nonsequential family by Q = {TZ, V) for the quarks and by L = 
(jV, £) for the leptons. This nonsequential family behaves exactly like the standard three 
families under the gauge group SU{2,) ® SU{2)l ® SU{2)ji U{1)b-l- We would like to 
stress this point in order to avoid any misunderstanding: the nonsequential family is just 
another generation which is disconnected from the other three (in the lowest order) . 

Below the scale of " compositeness" , there can be, besides the usual gauge interactions 
among the composite fermions, several four-fermi interactions, some of which are relevant 
for the present discussion and some for the study of mass matrices. (They can be viewed as 
resulting from the exchange of some composite bosons.) We are mainly concerned here with 
the interactions between the nonsequential fourth generation and the other three. This is 
because we are interested in the effects of the nonsequential generation on physics involving 
ordinary quarks and leptons. To this end, let us denote G gauge = SU{3)c ® SU{2)l ® 
SU {2)r ®U{1) b-l and Ggiohai — SU {2)gl ® SU {2)gr- The interactions should be invariant 
under Ggauge but not necessarily under Ggiobai which could be broken explicitely by these 
interactions. Let us recall that the nonsequential fourth generation is singlet under Ggiohai- 

There are several scenarios. We shall present one of such scenarios here. Let us assume 
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for example that there is a neutral interaction between the nonsequential fourth generation 
and the other three of the form which is Gg^obarinvariant, namely 

where the sums over i and j refer to all quarks of the new and " old" generations respectively. 
CqQ will provide the kind of coupling which is used here and whose phenomenological im- 
plications concerning Z ^ bb are discussed below. In addition, we could have the following 
interactions among the "new" quarks and the "old" leptons: 

Ao = {gf/A') E 2^7m2. E - 75)^i, (2) 

i 3 

where, in principle, gi ^ Qq. These two equations represent the relevant interactions for 
describing the phenomenology of the new, heavy quark bound state mentioned earlier and 
to which we shall come back below. We then discuss the limitation of these assumptions 
and suggest possible modifications. 

In addition we shall assume the following G global breaking term: 

= {gll A'){Qt''-Q + CV'LC) ■ hV^h, (3) 

where I3 = {iyr,r), and T = 1,7^^(1 - 75), (1 - 75), etc.... Cb is Ggiobai- breaking because 
only Z3 is present. At present, we have not explored the possible sources for this term. One 
possibility would be the mixing of the " charged Higgs" coupled to the nonsequential family 
with the corresponding one which couples to the standard families. (In our scenario, it is 
unavoidable to have several physical scalars.) Since the "standard family" charged Higgs 
will couple preferentially to Tiy as far as the lepton sector is concerned, it might be possible 
that the couplings and masses (of the mixed one) are such as to favor TZ — > Vt^v. It will 
be seen at the end of the paper that this kind of interaction which provides a non-standard 
decay mode for the TZ quark is severely constrained by CDF and DO. Another remark is in 
order here. The A's in £go and Cb are not necessarily the same. For simplicity we shall take 
them to be equal to each other, keeping in mind that they can differ in value. 
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£go,/o will form the backbone of the phenomenology of this paper while Cb will be seen to 
provide the dominant leptonic decay mode of the fourth generation provided gH !^ is large 
enough which we will see to be the case. This will provide the rationale for its unobservability 
at the present time because the leptonic decay of 7^ will be mostly into Vrv. We shall come 
back to this point below. 

One last remark is in order. In general, one expects all kinds of four-fermi interactions, 
including two classes which are not directly relevant to the present discussion. One of such 
classes is the four-fermi interactions involving only the fourth generation. For obvious reasons 
we are not interested in such a class in this paper. The other one is the four-fermi interactions 
involving only fermions of the first three generations. These are the kind of interactions that 
we shall use to construct mass matrices in a separate paper. The nature of these interactions, 
including the coefficients / in front, is however unknown. Each assumption concerning 
one of these interactions will have some phenomenological consequences which results in the 
experimental constraints on gf/^f which are not necessarily the same as those given in Eq. 
(|^, 0). To be more complete here we shall write down a generic term of the form 

>C/ = (^.VA-)/ir/2/3r74, (4) 

where / denotes some generic third-generation fermion, F denotes some generic Lorentz and 
internal symmetry structure, and the subscript i labels the coefficients which appear in front 
of these interactions. 

We shall now come to the main part of this paper, namely the effect of the nonsequential 
fourth generation, specifically the quarks, on the decay of the Z boson. 

III. PHENOMENOLOGICAL ANALYSIS OY Z ^ hh 

Although the discussion presented below concerning the decay mode Z ^ bb is related to 
our composite model, we shall present it in a way which is general enough to be applicable 
to other models as well. The only assumption is the existence of nonsequential fourth family 
with a particular coupling to the other three families. 
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Before we start the discussion on the effects of this nonsequential fourth family on Z ^ bb, 
a few remarks are in order concerning a potential mixing between the SM Z boson and Z' 
coming from SU (2) l <S> SU (2)r ® U (1) b-l- How big or how small such a mixing is depends 
on the details of the Higgs sector. We shall assume that such a mixing, if it exists, is small 
enough as to give a negligible contribution to Z ^ bb and other observables. In fact, an 
analysis of precision electroweak data as applied to extended gauge models, in particular 
a Left-Right model as used in this paper, by Ref. constrained the mixing to be very 
small. By parametrizing the mixing in terms of an angle ^, namely Z = cos^Zs + sin^ZM 
and Z' = —sin^Zs + cos^Zn, where Zs and Z]^ are the SM and new gauge bosons before 
mixing, the authors of Ref. found that ^ is constrained by precision electroweak data 
to be less than 1 %. The reader is referred to Ref. for more details. 

From hereon we shall assume that the mixing with Z' is negligible. The mixing is assumed 
to be negligible both at the tree level and even at the one-loop level (through the top quark 
for example) if Z' is heavy enough. Although the possibility of various deviations which 
might come from the mixing with Z' is interesting in its own right, we would like to present 
yet another mechanism for such a deviation and choose to neglect the effect of Z' if the 
mixing is assumed to be very small. We shall therefore concentrate on the effects of the 
mixing between Z and a heavy quarkonium. 

As we have mentioned above, let us denote this nonsequential family by {JZ, V) for the 
quarks and by (A/", S) for the leptons. For reasons to be given below let us assume that 
the {Q = —1/3) quark has a mass nip < m-ji. We also assume that the up-type quark 
TZ is heavy enough so that TZTZ QCD bound states are well above the VV open threshold. 
The VV QCD bound states can be described by Richardson's potential. Such an analysis 
has been carried out long ago by for the "^^i tt bound states, but unfortunately in the 
now-obsolete range of ~ 40 — 50 GeV. This analysis can however be applied to any quark 
in a similar mass range or higher, especially for our case where m-p > 46 GeV. (The mass 
shift of the Z boson due to this mixing is negligible [^.) 

VV QCD bound states which can mix with Z are either vector, axial vector, or both. 

8 



In what follows we shall neglect the mixing of Z with the axial vector states since it goes 
like (3^ 03 • Consequently we shall focus only on the vector meson ('^5'i) bound states. In 
particular, we shall first examine the mixing of the ground state 15 with Z. In the mass 
range considered here, the ground state IS* is sufficiently far from open-P threshold so that 
the mass-mixing formalism can be applied. Denoting the IS* ( J'^*" = 1 ) state by V^, the 
result of and mixing is given in terms of the mass eigenstates 

6 6 

\V) = cos-\Vo) - sin-\Zo), (5a) 
6 6 

\Z) = sin-\Vo) + cos-\Zo), (5b) 
for the mass eigenvectors and where 

e = szn-\6myA^), (6) 

with 

is the off-diagonal element of the mass mixing matrix and is given by 
where 



2v^|vI/(0)|JMv^,. (9) 



and where the factor 3 comes from the number of colors and |^I/(0)| is the wave function 
at the origin which can be computed using the Richardson's potential in QCD. The term 
inside the square brackets represents the vector coupling of the V quark to the Z boson. 

Let us assume that My > Mz and since present experiments are carried out on the 
Z resonance, we need only to look at Eq. ( |5b| ) to see how the presence of Vq modifies the 
coupling of Z to "light" quarks and leptons. This, as we claim in this manuscript, is a 

9 



possible source for the discrepancy seen in T{bb). From Eq. (^), one finds tlie physical Z 
couplings to a given fermion / to be 

V,A ■ ^ V,A , ^ V,A /-,n\ 

9zff- = ^'^2^Voff + ^^'2^Zofr (10) 

where V and A stand for vector and axial-vector couplings respectively. S'^jj and fl'^o// 
the couplings before mixing. 

Before mixing, the heavy quarkonium Vq can decay into // via 7 if there were no new 
physics involved. (The reader is referred to Ref. for a pedagogical discussion of this point.) 
This source alone however gives only a small change to Rb. A new and unconventional 
coupling of P to 6 ( and to other normal fermions as well) is needed to bring Rb closer to 
its experimental value. We have seen in the previous section how such coupling can arise in 
our composite model. Let us write 

= FvG^'^is = M|) + (11) 



where G^'"^ can be found in [0. 



G^iMl) = (12a) 



G^(M|) = (12b) 

and where Qg and Q-p{= —1/3) are the electric charges. gnew,q the coupling of Vq to a 
quark q and is found to arise from Cq as we shall see below. We would like to constrain 
9new q usiug the experimental value of Rb- A similar term can be written for the coupling of 
Vo to a lepton / where one now has Qi and gnew,i- 

For the mass range considered below , namely m-p > 46GeV, |^'(0)| is such that 
|5m2| < |M2^ - iVvoMvo - + iTzoMz,f\/2 and consequently 

QIT) 1 1 J 1 

2 M^^^-Ml+z{rz,Mz,-Ty,MvS ^ ' 

with cos I ~ 1. Typically, 0/2^2 — 3x 10^^ and the deviation of cos| from unity will be 
of order 10~^ and can be neglected considering the present level of precision. 
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The modified couplings of Z to a quark q are now 

= (1 + vlw + vlneJal. (14a) 

~9t = (1 + Vtnejgt (14b) 

wfiere W stands for electroweak and the ?7's are complex numbers and are defined by 

%:w = s^n^^FyG^'^{s = Ml)/g^'\ (15a) 

Q 

Vq'new ~ ^'^'^'^9new,ql 9q' 5 (15b) 



where the explicit forms for rj^^/ ^"^^ Vgnew can be obtained by using Eqs. ([ll|Jl3|) . For 
simplicity, we shall assume the new interactions to be V-A, namely gnew,q = ~9new,q = 9new,q- 
This is consistent with Cqo in Eq. (1). There the V-A nature of the "standard" quark 
(denoted by q) current was explicitely assumed. We shall try to relate gnew,q to the compos- 
iteness scale below. Let us however be slightly more general and take gnew,q, for the moment, 
to simply parametrize the "new physics" involved m. Z hh and extract it from R},. 



The modified coupling of Z to a lepton / can be written in a similar fashion to Eqs. ( |144 
14b ) with the substitution q ^ I. In terms of the new physics, we now have two parameters: 
9new,q and gnew,i- In principle, they can be very different from each other. 

In computing the Z widths using Eqs. ( 14a| , |14b| ) and the range of mass mentioned earlier. 



one can safely neglect terms proportional to {Re r])^ and (Jm r^)^ since they turn out to 
be at least two orders of magnitude smaller than terms proportional to Re rj (assuming 
9new,f < (Considering the present level of precision, their inclusion is irrelevant to the 
present discussion.) With this remark in mind, the decay width for Z ^ ff is now given by 

r(z^//) = rf^(i + CJ, (16) 

where f = q,l and where 



.f _ n9jy{Re ril + Re y^J + {gff Re 

{g)Y + {gfY ■ ^ ^ 
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In Eq. dH), rj^ contains various radiative correction factors as well as mass factors such 
as defined in Ref. ( [§). We find 

Tihad) = v''\had) + CJrf^^ + rf 

+ CJrr + rr + rr), (isa) 

^ 1 + 5;^e ^ + + ^1 j^r + ^f ^ + ) ' ^ ^ 

where i?/ = r(Z qjqf) /T{had). The central theme of this paper is the use of Rb to 
obtain information on the model proposed here. By using Eq. ( |18b|) for i??,, one can extract 



the parameters Rerj^'^^^ and consequently the common parameter sin^gnew as a function of 
■ This will then be used to make predictions on various ratios mentioned above and also 
on the total Z width. Finally Rerj^'^ will also give information on the possible values for 
gnew,q and Consequently on the scales of new physics as we shall see below. 

We shall use the following experimental ratio [0]: R^ = 0.2219 ±0.0017. In our analysis, 
the SM predictions as functions of the top quark and Higgs masses (see e.g. [§) are listed 
in Table 1. (Notice that the results of are obtained for as{Mz) = 0.12 ± 0.01). 

Our strategy is to extract gnew,q from R^ and to use it to make predictions on R^ and 
Rs {Ru and Rd are practically the same as these two respectively). They are listed in Table 
2. To make predictions concerning the leptonic sector, one has to know gnew,i- This can be 
done by choosing values that fit Re = T{had)/T{ee) and, consequently, use them to predict 
^LR, CThad, and Tz- This is the procedure we choose to follow in this paper. The results are 
listed in Table 3 along with the respective experimental values. Let us now discuss these 
results. 

A look at Table 2 shows that our predictions for Rc are in basic agreement with the 
experimental value. The basic observation here is there is a decrease in R^ with respect to 
the SM prediction which is shown in Table 1. In our model this decrease is real and is due to 
an increase in Rfy. The amount of the decrease in R^., for a given top quark mass, is entirely 
determined by the amount of increase in Rh. This prediction is fixed in our model. 
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We also predict an increase in Rg — Rd, and a decrease in R^ — Rc- The results are 
shown in Table 2. These predictions are insensitive to the Higgs mass. 

Notice that an increase in the ratio for a down-type quark corresponds to a decrease in 
the ratio for an up-type quark and vice versa. This happens because i^cTy^^^ is positive for 
f — u,c and negative for f — d,s, b. (Vq is a VP bound state.) Also notice that, in terms 
of the experimental Rb, one can also write Rc,s = (rf,f„/rf*^)((l + d^^J/{l + S^^^J)Rb. It 
turns out that (1 -|- S^^^)/{1 + S^^^^), and hence Rc,s, is independent of My. 

Beside Rb and R^ can the presence of V and its mixing with Z affect other observables 
such the Z-width, ahad, and asymmetries such as vIlr? In particular, will these observables 
deviate significantly from their standard model predictions and hence signal the presence of 
V even if one is a few V-width away from its peak? These are the questions which we will 
address below. 

As we have discussed above, the prediction on the hadronic branching ratios, Rc, etc., 
can be made once we extract gnew,g from Rb. (The actual values of gnew,q will be given below 
in the discussion of the compositeness scale.) For branching ratios and other quantities 
involving leptons, one needs to know gnew,i- One can, for instance, choose the range of gnew,i 
so as to fit i? = r(had)/r(ll) and predict what other quantities such as F^, ^lr, and ahad 
might be. This is the procedure that we shall follow below. As we shall see, it turns out 
that the range of parameters that fits R will predict Alji to be consistent with the SLD data 
rather than the corresponding LEP data. 

We list in Table 3 the predicted values for R, A^ji, Tz, and ahad for the range of gnew,i = 
0.02 — 0.035. (The value of as{Mz) used in this paper is 0.125.) The range for gnew,i is 
chosen so as to show the correlation between R and the other quantities. Let us first notice 
the following behaviour. R (Alr) increases (decreases) as gnew,i decreases from 0.035 to 0.02. 
What happens when gnew,i is less than 0.02? Although not listed in the table, it turns out 
that, for gnew,i — 0.01, the place where ^lr is la from the the SM prediction and the LEP 
result, namely A^^i = 0.148 gives a value to i? (= 21 ± 0.09) which is at least 4 a away from 
the experimental value (20.788 ± 0.032). If we choose gnew,i ~ 0.02 so that the predicted R 
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agrees with the experimental values, one can see from Table 3 that A^r is predicted to be 
more in agreement with the SLD data than the LEP data. It means that our model cannot 
satisfy all of the LEP data. The discrepancy between the LEP and SLD data for Alr might 
have pointed toward some kind of new physics such as the one described in this manuscript. 
Needless to say, it is important to resolve this discrepancy in order to be able to make any 
kind of statement concerning new physics in this sector. 

What is the meaning of the range gnew,i — 0.02 — 0.035? Since gnew,q is fixed by Ri,, 
the remaining free parameter is gnew,i- But it is itself constrained by the other electroweak 
observables (Z width, etc..) which are basically consistent with the standard model predic- 
tions except for the SLD measurement oi Alr. It is precisely because of these features that 
the above range of gnew,i is chosen so as to be consistent with these observables. We shall 
come back again to this point below. 

Another observation can be made by looking at Table 3. One notices that both R and 
Tz increase with increasing resonance mass My. For My > 96 GeV, the predicted Tz will 
be at least 2 a away from the fairly precise experimental value of 2.4963 ± 0.0032 GeV and 
this worsens as gnew,i gets smaller. 

The predictions for R, Fz, A^r, and (Thad depend on the Higgs mass, although not in a 
significant way. Table 3 presents predictions where tuh is taken to be 700 GeV. As we lower 
the Higgs mass to 100 GeV, there is an increase in these predictions by approximately 0.2 
%. So these predictions are not very sensitive to the Higgs mass. 

Let us now summarize our results. Table 2 lists the predictions for R^ and Rs as a 
function of m^. In particular we notice the decrease in Rc. Table 3 lists the predictions for 
i?, Alr, Vz and (Thad as a function of gnew,i, TTT-t and My. There we notice that, by fixing R 
to agree with the experimental values, our prediction for A^r tends to agree with the SLD 
result. In addition, the preferred range for the new resonance mass is between 92.5 GeV and 
96 GeV. Translated into V mass, the range is between m-p — 47 GeV to m-p — 48.8 GeV. 

The above results, namely My = 92.5 — 96 GeV, trigger the obvious question: Is such 
mass range already ruled out by experiment? The answer is negative. The reasons are 
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twofold. 

First, let us estimate the V width. Since My < rut, V decay into five quark fiavors 
and six lepton flavors. Its width is then given by Ty = (l/127r)(15gi^g^_g + 6g^^^ i)Mv. To 
illustrate our point, let us take My = 96 GeV and = 170 GeV. Prom i?^, we extract 
gnew,q = 0.096 — 0.163 (the range comes from the spread in Rh). Let us take the maximum 
allowed value for gnew,i, namely 0.035. The V width is then estimated to be Ty = 0.37 — 1.03 
GeV. In the LEP 1990-1991 run, the energy scan was ^ = Mz ± 3GeV. The 1995 run has 
an energy scan ^/s — 130 — lAOGeV. In consequence, V with a mass 96 GeV would not have 
been seen directly. In fact one can safely say that My = 94.5 — 96 GeV would be outside the 
range of direct detection. The lower mass range, 92.5 GeV - 94.5 GeV, is more problematic 
although it is possible that one might miss such V in that mass range. In any case, at least 
the range 94.5 GeV - 96 GeV does not appear to be ruled by the present energy scan. 

The second point concerns the upper bound of 96 GeV. This value is by no means a firm 
prediction. It depends on a number of things: the experimental spread of the electroweak 
observables, the spread in as, etc. ..This upper bound could easily be higher than 96 GeV 
by a few GeV. An extensive analysis will be carried out in a forthcoming article. 

As far as direct detection is concerned, the model is well and ahve. We would like to 
suggest a LEP scan of 100 GeV down to Mz- It will be a crucial test of this model. 

Have we or have we not seen V indirectly through electroweak observables away from 
the V resonance? The most obvious places to look at are the Z width and ahad- As we 
have discussed above and as shown in Table 3, as long as gnew,i = 0.02 — 0.035, our numbers 
for these quantities agree with the experimental numbers, which themselves are consistent 
with the Standard Model. So by just looking at Fz and ahad, one cannot tell whether V 
is there or not. Since part of the motivation for building this model was to explain the 
discrepancy between the experimental results for and Rc and the SM predictions, would 
such a discrepancy be an indirect manifestation of V? Purthermore, as we have mentioned 
earlier, there is a discrepancy between the SLD result for A^^i and that coming from LEP 
as well as the SM prediction. Since our result agrees with the SLD one, would that again 
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be an indirect manifestation of V? 

To summarize, there is yet no direct nor indirect evidence against our model. On the 
contrary, there might aheady be some indirect evidence for some new phenomena of the 
types described here. Again an energy scan from approximately 100 GeV down to Mz is a 
crucial test for our model. 

Let us now turn to the other members of this nonsequential family, the TZ quark and the 
leptons M and £. What constraints can one obtain on the masses of these particles? One 
obvious constraint is the fact that they have to be heavier than Mz/2 since they have not 
yet been seen. 

To be able to say more than this, one has to invoke additional information. This is where 



the S and T parameters [|TT|, or the e parameters of 0, come in. To be able to use these 
parameters in our context, one has to have an effective SU{2)l ® U{1)y theory. This is 
possible if the extra Z' mixes very little with the SM Z. At the beginning of the section 
on the phenomenological analysis of Z ^ bb, we have discussed this possibility and we have 
referred to an analysis done by Ref. [^,^ concerning electroweak precision constraints on 
extended gauge models such as the one considered here. There it was found that the mixing 
angle between Z and Z' is constrained to be less than 1 , an explicit contribution of Z' to 
the e parameters was given. It can be seen there that this contribution is negligibly small 
for very small mixing and one is practically back to the SM analysis. We refer the reader to 
Ref. for more details. In consequence, we shall assume in this paper that this mixing, 
which depends on the details of the Higgs sector, is negligible (less than at most 1 %) and 
its effects on electroweak precision measurements such as the oblique parameters S and T 
can be neglected. In consequence, one has practically an effective SU{2)l ® U{\)y theory. 
We can then make use of the most up-to-date determination of S and T to constrain the 
masses of TZ, Af, and £. 

Before carrying out this analysis, a useful remark is in order here. Since this new family 
is nonsequential, there is no reason to expect the masses and mass splitting (between up and 
down members) to be "similar" in pattern to the other three families. 
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We use the most recent determination of the new physics contribution to S and T as 
fitted by Ref. They are: 

-0.08 

5ne^ = -0.28 ±0.19 +0.17, (19a) 



Tnew = -0.20 ± 0.26 -0.12 . (19b) 



We shall use S^w = 0.08 and T^^^' = 0.23. 

To compute Snew and Tnew in our model, we need, in addition to the range for m-p quoted 
above, one more input: the mass of one lepton which we shall choose to be the mass of the 
heavy neutrino. Since this is not meant to be an exhaustive discussion, we shall restrict 
ourselves to a neutrino mass of 46 GeV (other starting values will be included in a more 
comprehensive analysis). We shall assume that the neutrino, Af, is a Majorana particle. 
The contribution of the leptons to S and T can now easily be computed [Q. 

As mentioned above, we now require (from S^^^^ = 0.08 and T^'^ = 0.23) 

SLw + SLw < 0-08, (20a) 

TLw + TLw < 0.23. (20b) 

For a given m-p and rrijij-, we compute S and T for a range of m?^ and m^, keeping in mind 
the above constraint. We now list the relevant values, all of them computed with mj^ = 46 
GeV. 

For mv = 47 GeV, we have: 1) S^^^ = 0.122, S^^^ = -0.042, T^,^ = 0.022, T^,^ = 0.208 
corresponding to rriTi = 67 GeV and = 162 GeV; 2) S^^^ = 0.072, S^^^ = 0.008, 
T„5,^ = 0.195, T^,^ = 0.035 corresponding to niTi = 107 GeV and = 97 GeV. Notice 
that as m-ji increases, ms decreases. The allowed ranges for m-ji and are therefore 
67GeV < m-ji < 107GeV and 162GeV > nis > 97GeV. Any other value outside that range 
is incompatible with the constraint. 

17 



For mv = 48.8 GeV, we have: 1) = 0.122, S^^^ = -0.042, T^^^ = 0.023, T^^ = 
0.207 corresponding to mn = 69 GeV and = 162 GeV; 2) S^^^ = 0.078, S^^^ = 0.002, 
T^^^ = 0.172, T^,^ = 0.058 corresponding to mn = 105 GeV and ms = 110 GeV. The 
allowed ranges are 69GeV < mn < 105Gey and 162Gel^ > me > llOGeV. 

Again the above results refer to = AGGeV. For = 48GeV^, the ranges are slightly 
modified (the lower bounds are slightly higher). A more comprehensive analysis for various 
values of m_\f will be presented elsewhere. 

What are the implications of the above constraints on m-ji and me coming from S and 

T? 

First, m£ has to be at least 97 GeV, and most likely at least 110 GeV. Therefore S 
is not likely to be found at LEP2. What could be found at LEP2 would be at least one 
new threshold, the V quark, and possibly two, the 71 quark, if it is light enough. What we 
mean by new threshold here is simply the appearance of the first resonance (lowest lying QQ 
state). It would be an experimental challenge to find the nonsequential charged lepton with 
mass greater than 97 or 110 GeV at hadron colliders. One interesting scenario is when both 
quarks might be found at LEP2, e.g. when m-p = 49 GeV, ttiti = 81 GeV. The constraint 
from S and T would imply that that rris ~ 136 GeV. How would one detect such a heavy 
nonsequential charged lepton? 

As alluded to in the beginning of the paper, this new family naturally involves new physics 
which can give rise to non-standard decays of the TZ quark and consequently invalidates the 
CDF and DO limits of 118 GeV and 131 GeV. In such a case, the lower limit on the TZ quark 
would be 62 GeV. Our own lower limits on the TZ quark mass are higher than that value. 
Now, from Eq. (0) it follows that if fif^/A^ > g'^/2M^^, where g is the weak coupling, the 
leptonic decay of TZ would be mostly into Vtu. Below we shall see if it is reasonable to 
have such a constraint. This opens up the possibility that the whole new quark family can 
be found by LEP2. First the R ratio would be 16/3 or at least 12/3 = 4 (if the TZ quark 
mass is above 81 GeV). Some words of caution are in order. The last number depends of 
course on being able to detect the V quark which could conceivably escape the detector 
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because of its possible relatively "long" lifetime. In that case, the R ratio would probably 
be unchanged, namely 11/3, i.e. one would not see the V quark even if one were above its 
open threshold. The 1995 run of LEP1.5 with a center of mass energy well above the open 

V threshold, did not show any increase in the R ratio. It implies that the V lifetime should 
be long enough for it to escape the detector. This is conceivable in our scenario since P is a 
nonsequential quark with little mixing to the other three families and, consequently, could 
have a long lifetime. In some sense, the LEP1.5 result puts a constraint on the minimum 
lifetime V could have. In fact, one can put a rough limit on the mixing of V with the other 
quarks using the LEP1.5 constraint. One can compute the mean decay length of V (see 
e.g. on p. 76) taking y/s = 130 GeV, m-p = 47 GeV. Requiring the decay length to 
be approximately greater than say 10 m, one finds that \\V\\^ = ||Vpcp + ||Vpu|p should 
be less than 3 x 10^^^ giving \\V\\ < 5 x 10^^. Needless to say, this is only a rough limit. 
Incidentally, this limit is consistent with the cosmologically comment made below. The V 
quark can form neutral and charged mesons with the light quarks. One might wonder if the 
charged mesons might not leave some tracks in the detector. This is an experimental issue 
which needs to be carefully examined to see if these kinds of tracks might have been missed. 
If 71 is light enough (below 80 GeV), it could be produced at LEP2 but its identification 
might be tricky since its main decay is 7^ ^ 'Pff, where / is a standard light fermion, and 

V can escape the detector. In any case, it would be interesting to watch out for unusual 
events related to the one just mentioned. If TZ is heavier than 81 GeV then one would not 
see any increase in the R ratio even at LEP2 since there was none at LEP1.5. In this case 
the direct detection of this new, nonsequential family of quarks will have to rely on hadron 
machines. 

As we have emphasized earlier, by nonsequential we really mean that there is very little 
mixing of this new family with the other three. This tiny mixing would be enough to evade 
cosmological constraints on stable quarks [|T^. Even with a mixing as small as, e.g. 
between V and the charmed quark, the V lifetime would be of the order 10^^ sec which is 
certainly fast enough to evade any of such constraint. 
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Finally we would like to say a few words about the scales of " compositeness" in our 
model. 

A four-fermi coupling as given by CqQ would be diagramatically similar to a quark diagram 
for meson-meson scattering except that here we would have a scalar line instead of one of 
the two quark lines. It follows that gnew,q is not necessarily given by the wave function at 
the origin. We shall assume, for the sake of estimate, that we can write 

gne^,g = {g^ / A') gj^Fy , (21) 

where gjj represents the rescattering of the scalar components. If gg/4:iT = g'jj/'^'n: = 2.5, A 
can be computed in terms of Rb using the definition of gnew,q discussed above. Under the 
above dynamical assumption, the values for A are listed in Table 5. The range of A for 
each value of My corresponds to i?™"^ and i?™". Notice that these values can easily be 
underestimated by a factor of two or so. The point is that they do not have to be as high as 
10 or 100 TeV. In summary the scale of "compositeness" in our model can be as low as a few 
TeVs. Caution should be applied to the literal interpretation of A as the "compositeness" 
scale which, in general, might not be too different from A itself. 

Are these estimates consistent with experiment? Is there any "evidence" for composite- 
ness? We shall briefly address these questions below. 

One word of caution is in order here. Present experiments probing compositeness only 
deal with operators of the type represented in Eq. which involve only fermions of the 
first three generations. As we have stated above, the coefficients gf/Af are not necessarily 
identical to g^/A"^. The CDF limit on quark "compositeness" based on dijet invariant mass 
spectrum set a limit of Aj > lATeV for gf = An. (This is also consistent with the TRISTAN 
limit.) There is some indication that the CDF high data shows some discrepancy with 
the QCD prediction. Much work needs to be done in order to clarify both the experimental 
situation and the QCD prediction (gluon distribution, etc.), but there is a possibility that 
it is a signal for quark compositeness with a "low" compositeness scale. We shall see in the 
not-too-distant future whether this possibility is true or not. Even if we assume that the 
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above coefficients are similar then, taking into account the uncertainty in extracting A from 
gnew,q described above, we can safely say that our crude estimate is not inconsistent with 
the experimental lower bound. Needless to say, much more detailed studies are needed to 
lay out the various constraints on dynamical assumptions coming from experiment. Some 
of these issues will be dealt with in a subsequent work. 

If g\/K\ as written in Eq. @ were similar to (^g/A^ then the characteristic strength 
would be approximately 2 ■ 10~^ GeV~^ . This is to be compared with a characteristic weak 
interaction strength (yf^/2M^ at the TZ mass which is approximately 3 ■ 10~^ GeV"^. Even 
with the above assumption, one can see that the leptonic decay of TZ will be mainly in the 
channel Vtv. Relaxing that assumption can make this mode even stronger if ^f^/A^ is given 
a larger value. The CDF and DO limits of 118 GeV and 131 GeV assuming standard decay 
will no longer be applicable. The lower limit of 62 GeV will then be applicable. This is 
consistent with our lower bound of approximately 67 GeV on the mass of TZ. 

IV. CONCLUSION 

We have presented a simple scenario to explain the "anomaly" in Ri, and, as a conse- 
quence, we have made a number of predictions, i?c, etc., including the presence of a new, 
non- sequential fourth family, some of whose members could have masses below M^i/, an 
exciting prospect for near-future discoveries. In particular, a charge -1/3 quark is predicted 
to lie between 47 and 49 GeV. Its charge +2/3 companion is constrained to lie above 67 
GeV and, as a consequence, it is possible to have two (but at least one) new thresholds 
below M\Y. An energy scan from 100 GeV down to Mz would provide a crucial test of 
this model. With the constraint that the nonsequential neutrino be heavier than Mz/2, the 
nonsequential charged lepton turned out to be heavier than 97 GeV. These predictions are 
firm and the model can be easily disproved if none of these particles are found within the 
capability of LEP2. Since this is a composite model, we have estimated the " compositeness" 
scale to be "low", i.e. below approximately 5 TeV. This is relevant to a suggestion (to be 
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confirmed) that signals of "compositeness" might have been seen at CDF. 

This work was supported in part by the U.S. Department of Energy under grant No. 
DE-A505-89ER40518. 
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TABLES 

TABLE I. The Standard Model predictions for R^^^ = V{Z ff)/T{had) as functions of the 
Higgs boson and top quark masses. Here R^^ = T{had)/r{ee) 



niniGcV) 


mi(GeV) 












100 


150 


0.2162 


0.172 


0.2199 


0.172 


20.7818 


100 


160 


0.21586 


0.172 


0.22 


0.172 


20.779 


100 


170 


0.2155 


0.1722 


0.22 


0.1722 


20.776 


100 


190 


0.21473 


0.1724 


0.22 


0.1725 


20.769 


700 


150 


0.2162 


0.172 


0.22 


0.172 


20.763 


700 


160 


0.2159 


0.172 


0.22 


0.172 


20.76 


700 


170 


0.21554 


0.1721 


0.22 


0.1721 


20.758 


700 


190 


0.21477 


0.1723 


0.22 


0.1724 


20.752 



TABLE IL Predictions for the ratios Rc = Ru, Rg = Rd, ^ functions of mt 



mt{GeV) Rc Rs Rf^ 

150 0.1634 T 0.0026 0.2258 ± 0.0017 0.1540 ± 0.0074 

160 0.1629 T 0.0026 0.2261 ± 0.0017 0.1540 ± 0.0074 

170 0.1624 ^ 0.0026 0.2265 ± 0.0017 0.1540 ± 0.0074 

190 0.1615 T 0.0026 0.2273 ± 0.0017 0.1540 ± 0.0074 
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TABLE III. Predictions for R = T{had)/r{ll), Alji, Tz, and ahad ^ functions of My, and 
gnew,l- They are to be compared with the following experimental values: R = 20.788 it 0.032, 
ALRiSLD) = 0.1551 ± 0.004, Alr{LEP) = 0.139 ± 0.0089, Tz{GeV) = 2.4963 ± 0.032, and 
(Thadinb) = 41.488 lb 0.078. The two values for each prediction correspond to gnew,l = 0.02, 0.035 



respectively. 


My, mt(GeV) 


R 


Alr 


Tz{GeV) 




92.5,150 


(20.8,20.6) ± 0.09, 


0.155,0.162 


(2.507,2.502) ± 0.008 


(41.91,42.45) ± 0.44 


92.5,160 


(20.817,20.623) ± 0.09 


0.155,0.162 


(2.511,2.508) ± 0.008 


(41.9,42.44) ± 0.44 


92.5,170 


(20.833,20.64) ± 0.09 


0.155,0.162 


(2.516,2.512) ± 0.008 


(41.88,42.42) ± 0.44 


92.5,190 


(20.87,20.67) ± 0.09 


0.155,0.162 


(2.527,2.522) ± 0.008 


(41.86,42.4) ± 0.44 


y4,ii3U 


/'on on 7oA _L n nn 

(^zu.oD/ ,zu. ( zj ± u.uy, 


U.iOo,U.iOo 


/'o c^nQ o r^nc^\ _L n nno 
^z.oUo,z.oUoj ± U.UUo 


(^41. /4,4z.i4j zh U.44 


94,160 


(20.88,20.733) ± 0.09 


0.153,0.158 


(2.511,2.508) ± 0.008 


(41.9,42.44) ± 0.44 


94,170 


(20.9,20.8) ± 0.09 


0.153,0.158 


(2.518,2.514) ± 0.008 


(41.71,42.12) ± 0.44 


94,190 


(20.93,20.78) ± 0.09 


0.153,0.158 


(2.528,2.525) ± 0.008 


(41.68,42.1) ± 0.44 


96,150 


(20.93,20.83) ± 0.09, 


0.15,0.153 


(2.51,2.508) ± 0.008 


(41.56,41.83) ± 0.44 


96,160 


(20.95,20.85) ± 0.09 


0.15,0.153 


(2.514,2.512) ± 0.008 


(41.55,41.82) ± 0.44 


96,170 


(20.96,20.86) ± 0.09 


0.15,0.153 


(2.52,2.517) ± 0.008 


(41.54,41.8) ± 0.44 


96,190 


(21. ,20.9) ± 0.09 


0.15,0.153 


(2.53,2.527) ± 0.008 


(41.51,41.78) ± 0.44 


TABLE IV. 


The values of the " compositeness" scale A as a function of My= 92.5-96 GeV and 


mt= 150-190 GeV. The spread reflects the error in 


Rb- 




A(T('V) 


150 


IGO 


170 


190 


92.5 


1.9-2.51 


1.87-2.42 


1.83-2.34 


1.76-2.17 


94 


1.64-2.2 


1.61-2.12 


1.58-2.04 


1.51-1.89 


96 


1.36-1.83 


1.33-1.76 


1.3-1.7 


1.24-1.57 
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